INTRODUCTION
Millimeter wave observations of emission from the CO molecule have become, over the past eight years, the dominant method for determining the physical properties of dense interstellar clouds, composed primarily of molecular hydrogen and for exploring the structure and kinematics of the galactic disk. In this paper we briefly review the CO survey results in the literature (Section 2) and then present new results (Section 3-7) of an extensive -^CO and -^CO survey of the galactic distribution, size, mass and age of molecular clouds. The interpretation of this survey leads to a new picture of the interstellar medium dominated by very mas sive stable long-lived clouds which we refer to as Giant Molecular Clouds. We find that Giant Molecular Clouds (GMC's) with M = 10 5 -3 x 10^ are a major constituent of the galactic disk, the dominant component of the interstellar medium in the galaxy interior to the sun and the most mas sive objects in the galaxy. We find that the interstellar medium and star formation are dominated by massive gravitationally bound clouds in which stars and associations are forming but at a very low rate in com parison to the free fall time. The galactic distribution of the mole cules as traced by CO emission is interpreted as the distribution of GMC's. As the most massive objects in the galaxy they are also basic to the dynamics of the disk.
SUMMARY OF PREVIOUS RESULTS ON RADIAL DISTRIBUTION OF CO EMISSION
The most striking large scale characteristic of molecular clouds in the galaxy is their concentration in the galactic center region and in a ring at a galactocentric distance (R) extending from 4-8kpc. Both of these features are in sharp contrast to the flat atomic hydrogen dis tribution. The shape (see Figure 1) and magnitude of the effect have remained unchanged since the original CO survey by Scoville and Solomon (1975) of 90 points in the galactic plane, carried out with the NRAO 36-foot antenna (beamwidth of l.'l at the CO wavelength of 2.6mm). The observations included a sampling every 1° in longitude from £ = 0° to I = 90°. (Reproduced from Scoville and Solomon, 1975, Ap. J. 199 L105)
The use of the small beam combined with the large cloud sizes made it possible to truly sample the cloud distribution rather than just the distribution of emission from confused sources. The interpretation of the well defined features in the line profiles was in terms of emission from discrete clouds. Estimates of the total mass were based on count ing clouds to obtain the number of clouds per unit length, using 3 ob servations of l^CO emission in the plane combined with radiative transfer calculations to estimate the H2 density within each cloud and adopting a standard path length of 20pc through each cloud. The necessity for more -^CO observations to obtain better quantitative densities was stressed; however the ratio of the total number of clouds at the 5kpc peak compared to lOkpc, the essential feature of the distribution, can be deduced just from the counting of emission lines and the galactic rotation law. The main results are summarized in Table 1. A subsequent 1Z C0 survey was carried out by Burton and Gordon (see Table 1 ) with higher sensitivity and containing about 5 times as many points, all at b = 0°. Gordon and Burton quoted a mass and H2 density based on an assumed -^CO intensity ratio of 1/3 for all emission, but l^CO was not observed. Burton (1976) has reviewed this work. Cohen and Thaddeus have presented -^CO survey results, including data taken out of the plane, obtained with a 4 foot antenna. The scale height was observed to increase between 5 and 8kpc. The general shape of the radial distri bution was similar to that found by the earlier surveys except for a total absence of emission between 2 and 4kpc. These results however are not confirmed by the new observations reported here.
OUTLINE OF FOUR PART SURVEY
In the following we present the principal results of a new four part survey designed to determine the distribution and total mass of molecular clouds and consequently star formation regions in the galaxy as well as the properties of the 
13 C0 OBSERVATIONS
The use of CO as a tracer of molecular hydrogen within molecular clouds and of molecular clouds throughout the galaxy, is based on two related premises. First the CO to H2 abundance ratio is assumed to be reasonably constant and therefore a measure of the CO column density will "'"Operated by Associated Universities, Inc., under contract with the NSF. yield a measure of the hydrogen column density, and secondly the photons emitted by CO, and consequently the line intensity, result from colli sions between H2 and CO.
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However, the high intensity and ubiquity of the CO emission, which allows extensive observations of otherwise unknown molecular clouds, is due to a high opacity and therefore is not easily^interpreted in quanti tative terms. At moderately high densities the CO intensity reflects primarily the cloud temperature. In order to quantitatively interpret the CO survey of the galaxy and test the validity of the molecular dis tribution derived from 1 2 C0, we have observed the much less abundant isotope l^CO at even galactic longitudes with b = 0° and 10° <_ £ <_ 44° and I = 0°.
4.1 Radial distribution of 13 CO 13 12 A sample spectra of CO and CO is presented in figure 2 ; the close correspondence between them is evident but the intensity ratio T 13/ T l ig different in each feature. In our total sample the observed ratio varies from less than 1/20 to 1/3 with an average value of 1/5.5. In figure 3 we compare the l^CO and 12 CO emissivity, J = T dv/dr, from the same data set, as a function of distance from the galactic center. The extremely good agreement of the radial distribution between 13 1 2 CO and "CO establishes the reality of the high concentration of mole cules between 4-8kpc as deduced from 12 C0. Thus l2 C0 emission is a good indication of the relative mass distribution in the galaxy even though it is saturated. This can be explained if the total emission depends on the number of clouds rather than the intensity of each cloud. 
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4.2 Calibration of densities 13 13 12 We have analyzed the CO data and relative intensities T /T using the escape probability approximation f°r radiative transfer (Scoville and Solomon 197 4). Assuming CO/ 13 CO = 40, we find that a good value for 13 CO/H 2 is 5 x 10" 7 corresponding to C0/H 2 = 2 x 10~5 or about 3% of C in CO. As can be seen from figure 3, there is no sys tematic variation of T-^/T^2 w ith galactic radius and we therefore assume that l 3 CO/H2 and -^CO/l^co are constant, in interpreting the data. There is insufficient sampling at R >_ 9kpc to judge the reality of the apparent decrease in T-^/T^2.
The one observation of the galac tic center shows T^/T^2 = 1/7, very similar to the rest of the galaxy. Using the above values and a typical observed ^2C0 intensity (T^ = 9-13K) which determine the stimulated emission factor and partition function, the H 2 column density can be shown to be is 5-6, we adopt nu = 0.2 J ( 12 C0) in order to derive molecular hydrogen densities and total mass from the large scale ^CO survey which samples emission from a full range of b and I (see section 6). The mean H2 density at 5.5kpc is therefore n" ~ 5 cm""
CLOUD SIZE AND MASS DISTRIBUTION FROM HIGH SPATIAL RESOLUTION DATA
The goal of these observations is to determine the nature of the objects containing interstellar molecules. This project is designed specifically to obtain the cloud properties.from a random sample. In addition a few strips perpendicular to the plane have been observed at I = 12°, 24° and 30°. The complete data can be found in Solomon et al. (1979) and Solomon and Sanders (1979) . The emission in the velocity-longitude plane (Figure 4) , summarizing 215 separate observations, shows a very clear breakup into clouds. The approximate galactocentric distance of the features is indicated on the top axis; the concentration in the 4-7kpc region is very striking. The large number of features near the maximum permitted velocity is due to the small radial velocity gradient near the tangential point.
Cloud size distribution
In order to display the observations in a form convenient for mea suring cloud sizes, they have been divided into sections of about 2 1/2 degrees in £; the distance to a feature is calculated assuming it is on the near side of the tangential point, and the displacement in longitude is then converted to apparent displacement parallel to the galactic plane. The result is a drawing showing the projected size versus velo city as in figure 5.
Typical spacing between observations(R ~ 5.5kpc, £ ~ 27°,A£ = 2 f ) corresponds to about 3pc and the determination of cloud dimensions has a lower limit of about lOpc. The contour levels in Figures 4 and 5 are in units of T^ = IK or T^/n ~ 1.6K. Cloud sizes at the level of T^ = 3, 4 and 5K were measured for all high resolution observations along the galactic plane. Clouds were counted only if^the size > lOpc at the 4K contour level with at least one contour at T^ = 5K. Measure ment of size was obtained at a constant velocity; the velocity of maxi mum emission was restricted to a full range of only 3km/s in order for a feature to be designated as a single cloud. As can be seen from the figures, there is significant overlap at T^ _< 2K both in velocity and space. The observed sizes are lower limits to the true sizes since the neaj distance has been assumed, the emission is traced only to the level T^ = 3K and the size represents a random slice through the cloud. Figure 6 shows the distribution of cloud sizes at the T^ = 3K (T^/n=5K) level. The average cloud size in the sample is 40 pc, a factor of 4 above the minimum detectable size. There are no emission holes inside these regions, although there may be several local maxima. These ob jects can best be described as Giant Molecular Clouds or possibly GMC Complexes and represent a class of objects which are the most massive in the galaxy. for these conditions. A small fraction of the mass is in condensed cores within the clouds, which are the actual sites of star formation.
The observed distribution of cloud length (Fig. 6 ) has been ob tained from a sample along a line parallel to the galactic plane. This represents a fair sampling of cloud area. In order to obtain the true distribution of cloud lengths a correction must be employed allowing for the fraction of clouds of length A in the sample which is <* 1/A. The total number of clouds in the 4-8kpc ring meeting the selection cri teria described above is
where N f is the number of clouds counted in the sample (Fig. 6 ), e is the fraction of the galactic ring in I and r sampled and 2.55 Zi^/A is the ratio of the total number in the disk to the number sampled at b=0°. Zi^ is the HWHP height of the cloud distribution from Section 6. We estimate that z * 0.05 for the data at 23?5 < I < 30?5, using the radial distribution of Section 6. (See Solomon et al. 1979 for further dis cussion.
The sample between £ = 23?5 and 3095 at b = 090 contains 38 GMC's. Using the scale height and radial distribution from Section 6, we esti mate that this represents approximately 0.75 percent of all clouds, leading to a total of 4000 Giant Molecular Clouds in the Galaxy. The lower limit for counting in this estimate is clouds with a chord larger than lOpc with some CO emission at T A /n > 8K, (Tk inetic > UK) in a random slice through the region. 
Cloud mass function
The most important parameter in determining the origin and evolu tion of the clouds is the mass distribution. From our sample of 38 clouds corrected by equation (1) we can derive the fraction of total mass per logarithmic cloud mass interval. In order to proceed from linear size measurements, we assume that the measured length represents a random slice through an irregular cloud and that the true cloud mass can be approximated by a sphere of this dimension with a density n(H2) ~ 300 cm" 3 . The effect of elongation along the galactic plane introduces a small error; however the greatest uncertainty comes from the very high mass end of the spectrum where the sampling becomes insuf ficient since a few GMC's may contain a large fraction of the mass. We have observed no GMC's in this sample with a length (as defined above)* > lOOpc, and the statistics give large uncertainties in the mass frac tion in GMC's > 60pc with m > 1O^M 0 . Figure 7 shows the observed mass fraction per logarithmic mass interval
where M is the total mass in clouds and m is the GMC mass. The total mass of the 38 GMC's is about 4 x 10 7 M . The 4000 GMC f s in the ga lactic ring have a total mass z 2 x 10^M . J. Kwan (private communi cation) has considered theoretical mass distributions for colliding molecular clouds which give reasonable agreement with Fig. 7 . From our sample corrected by equation (1) we find f <* m^' 2 .
The formal gravitational collapse time (free fall time) for these objects is t c : 3 x 10^ yrs and yet most of the mass in clouds is con tained in them. They are clearly not systematically collapsing to form stars since the galactic star formation rate of about 3 M e /yr is only a small fraction of the total formal collapse rate. The effici ency of star formation can be defined as the ratio of the observed rate to the formal mass collapse rate in GMC T s,
(f)c /observed
VdM\ \^dt yGMC
Using (dM/dt)GMC * 3 x 10 9 /3 x 10 6 = 10 3 M 0 /yr yields e * .003. We thus find that star formation is inhibited by a factor of z 300 com pared with the formal free fall time.
GALACTIC DISTRIBUTION IN R AND Z.
In the section of the galaxy -4° < £ < 70° we have obtained about 730 observations of 12 C 0 emission with full velocity coverage, spaced every 1° in longitude and every 12 1 in latitude out to positions where the total integrated intensity has dropped at least to 1/4 of the maxi mum (|b| ~ 2?0) and no features other than local clouds are apparent.
The large number of line profiles, showing emission from molecular clouds along the entire line of sight, can be viewed more comprehen sively in the form of latitude-velocity contour diagrams; each latitude velocity drawing is a composite of all observations at a single galac tic longitude. In figure 8 we present a sample b-v diagram which demon strates some of the salient features of the distribution. The emission is discrete in both the velocity and spatial dimensions indicating that only a small fraction of the volume is occupied by molecular clouds. The clouds are often centered below b = 0° and there are irregular bumps in the location of the center. Observations confined only to b = 0° will therefore miss significant emission. The intensity is typically t\ = 3-5K or T^/n = 5-8K which trans lates to Planck brightness temperatures and therefore kinetic tempera tures T| c -^n et -^c = 8-11K. This represents a typical kinetic temperature in a random region of a molecular cloud. Cloud cores with T^ >> 10K are sampled only a small fraction of the time.
The survey data has been analyzed on the assumption of cylindrical symmetry to derive the radial,R,and height,Z,dependence of molecular clouds in the galaxy, the center of the distribution, Z c , and the total surface emission of CO perpendicular to the galactic plane. The mean molecular hydrogen density and mass has been determined using the ^-3 C0 calibration of Section 4.
For the purposes of our analysis the inner galaxy, R < R Q , has been divided into annuli AR = 0.5kpc. The emissivity J = T dv/dr was com puted for all line segments passing through a given annulus determined from our samping in longitude 0° < £ < 70°. The appropriate fitting function (assuming cylindrical symmetry) is a double Gaussian which allows for contributions from the "near" and "far" segments along the line of sight with identical galactocentric distance R. Such points at distances r-^ and r 2 from the sun are equidistant from and on opposite sides of the subcentral point. The three variable parameters in the expression for J are the emissivity at the center of the distribution J Q , available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0074180900014169 displacement of the center (from b = 0°) Z c , and scale height (half width at half maximum) Z^.
The distance perpendicular to the plane for near and far points con tributing to J(R,b) is given simply by Z^ = r^b and Z^ r 2 b.
The scale height of the molecular cloud distribution Zi^ and the center of the "plane" Z c are presented in Figure 9 . A displacement of Z c below the b = 0° plane is found for the entire region 2.5<R<8.5kpc with Z c = -26pc in the ring. The region 4.5 <_ R < 8.5kpc shows a rela tively constant value of Zi^ = 60 + 9pc
The HI scale height in this region determined primarily from emission near the loci of subcentral points has an average value of 130pc, about twice that for molecular clouds. (Jackson and Kellman, 1974) .
The radial distribution in emissivity J Q (R) over the range 2.5i-9.5kpc and at the galactic center is presented in Figure 10 . We have not included regions exterior to the sun which are inadequately sampled over this longitude range. At the peak of the distribution where n(H2) ~ 5 cm"" 3 , there is a factor of 3 0 more H nucleons in mole cular hydrogen than atomic hydrogen. Even if we assume that the cali bration of section 4 has overestimated by a factor of three the ratio of emissivity to n(H2), by using too low a value of ^3CO/H2, we still find 10 times more nucleons in H2 than H. The ring has half intensity at b = -098 and b = + 0?3. The total surface density of molecular clouds perpendicular to the galactic plane is presented in figure 11 . Integrating between 2 and 9.5kpc, we find a total mass in molecular clouds of 4 x 10^M . Only approximately 1/15 of the total surface density in the interst medium is in atomic hydrogen at the peak of the ring. Again allowing for as much as 10% of available 13 Cin l3 C0 the ratio is still only 1/5. 
TWO DIMENSIONAL MAPS OF SELECTED CLOUDS
In order to explore the structure of individual clouds in greater detail, a set of 15 cloud features was chosen at random from the initial large scale 12 C 0 survey. The objective was to determine cloud sizes in £ and b, orientation with respect to the galactic plane, peak temper atures and the presence of core regions as well as kinematic informa tion on the internal structure of the clouds.
Data for seven objects has been reduced and is summarized in Table 2 . All clouds were mapped at 3 1 resolution. Sizes have been measured to a level T^ = 4K and, where sufficient data exists, to T^ = 3K. The £/b ratio in Table 2 indicates that there is some tendency for elongation along the galactic plane. The average size in £ is 34pc at T. = 4K using all 7 clouds and 45pc at T^ = 3K, using 4 of 7 clouds where suf ficient data exists. The £ sizes are in good agreement with the high resolution longitude strip results of Section 5. -^CO observations of each cloud have allowed the determination of column densities. Using the measured cloud cross sections and column densities, mass estimates for each cloud were also determined.
The average mass is 6.2 x 10 5 M similar to the mass found for a mean cloud size in the high reso lution survey. Angle of maximum chord from galactic plane tt 8. SUMMARY: AGE AND ORIGIN OF GMC'S Although interstellar clouds are generally regarded as extremely young objects (£ 10 7 yrs) we show below that the large mass of indivi dual clouds and the large fraction of the ISM in molecular clouds necessitates an age of at least 3 x 10 yrs. We first summarize the cloud properties, based on the high resolution data (Section 5), in Table 3 . The clouds have several small cores with much higher densi ties and in this sense should be regarded as complexes. On a galactic scale we have deduced the smoothed out properties for the molecules including all CO emission without considering individual cloud masses. These are summarized from Sections 4 and 6 in Table 4 . The largest uncertainty in the mean densities is the * 3 CO/H 2 ratio. The age of GMC T s, t(GMC) can be simply determined from the observations by considering the relationship between the total mass in a form avail able for their formation, M^, the time scale for formation by a parti cular mechanism t ± and the total mass in GMC's M(GMC).
In a steady state the total mass in a form is proportional to the lifetime. If form i is the dominant source for GMC's, then ^i = M(GMC) The generally accepted mechanism for formation of dense clouds is the compression of the diffuse interstellar medium or low density clouds by a spiral density wave. The time scale for this mechanism is the phase rotation period for the spiral density wave t r -2'lO^yrs. If all of the interstellar medium represented by HI is available to be compressed, then form of CO, and 2 n(H 2 )/n HI = 10 if 10% of C is in CO, giving 2 x 10 < TQ^£ < 6 x lO^yrs a significant fraction of the age of the galaxy. If the compression is viewed as working on the intercloud medium, the time scale is greater than the age of the universe. We conclude that GMC's do not form by compression of diffuse clouds in a spiral density wave.
The largest pool of mass available to form GMC are molecular clouds themselves. Cloud collisions, a mechanism considered for much smaller masses by Field and Saslaw (1965) are therefore an obvious candidate. In this case M^, from (2) is the total mass in clouds available for collision with the GMC What is clear from the mass distribution of clouds is that at least half of the' total mass is in GMC's.We therefore take M(GMC)/M^ = 1 for this case and becomes T c , the growth time for a GMC by collisions. We have for a GMC of mass m , when v is the weighted velocity of the clouds represented by n^ . For our current estimate we merely adopted n^ from Table 4 using a?l avail able mass, n^ ana * r from Table 3 and set^v = 10 km/sec giving T(GMC) = 3 x 10 8 yrs.
This age which is 100 times the collapse time may be a lower limit, since we have assumed an equal mass in small cold clouds to that observed in GMC f s.The problem of star formation in GMC is then one of an over abundance of opportunities and the question is not how do stars form but rather, why is star formation so inefficient in the current stage of galactic evolution.
ACKNOWLEDGEMENT
This work has been supported in part by NSF Grant AST 77-23419 at the State University of New York at Stony Brook
